Growth of fast myotomal muscle in teleosts involves the continuous production of muscle fibres until some genetically pre-determined length. The dwarf landlocked (Bleke) population of Atlantic salmon (Salmo salar L.) from Byglands-fjord, Southern Norway mature at about 25 cm fork length and reach a maximum size of only 30 cm in the wild. The maximum diameter (D max ) of fast muscle fibres in 4-year-old Bleke salmon (25-28 cm fork length) was 118 mm and not significantly different from that found in immature migratory salmon of a similar size. In contrast no evidence for active fibre recruitment was found in the Bleke salmon, such that the maximum fibre number, FN max , was only 21-30% of that reported in typical farmed and wild migratory populations, respectively. We hypothesise that, once established, the physiological consequences of the dwarf condition led to rapid selection for reduced fibre number, possibly to reduce the maintenance costs associated with ionic homeostasis.
INTRODUCTION
The normal life cycle of Atlantic salmon (Salmo salar L.) involves smoltification from a freshwater parr to a seawater stage that migrates to rich feeding grounds in the Arctic Ocean before becoming sexually mature and returning to its natal stream to spawn (Hansen & Quinn 1998) . The Bleke salmon (figure 1a) is a fresh water Atlantic salmon population inhabiting the inner part of Byglands-fjord in Southern Norway. This slow-growing ice age relict was isolated from seamigrating populations about 9000 years ago due to the barrier of the waterfall Vigelandsfoss (Dahl 1928 ). The population nearly went extinct in [1968] [1969] [1970] [1971] and a limited number of individuals were maintained in a hatchery, and used for a restocking programme in 1979 (Barlaup et al. 2005) . Female Bleke salmon become sexually mature after 4-5 years of freshwater life at about 25 cm fork length (FL; Barlaup et al. 2005) compared to 70-120 cm in ancestral migratory populations. Bleke salmon retain the paedomorphic characteristics of parr and females becoming sexually mature without undergoing smoltification (Nilsen et al. 2003) . Dwarfism is common in other salmonidae including arctic charr (Salvelinus alpinus L.) (Skú lason & Smith 1995) and whitefish (Coregonus clupeaformis) (Trudel et al. 2001) . The landlocked charr morphs from Thingvallvatn, Iceland are thought to have evolved as a consequence of divergent selection promoting differential trophic use (Skú lason & Smith 1995) . Differences in ultimate body size between these charr morphs are largely maintained under common rearing conditions, consistent with rapid genetic differentiation of the gene networks regulating body size. Recently, we have shown that the dwarf morph stops recruiting fast myotomal muscle fibres at shorter body lengths and has around half the number of fibres of the larger morphs ( Johnston et al. 2004 ). Here we report that fast fibre number is also reduced in the dwarf Bleke salmon, suggesting that the loss of fibre number is an early and ubiquitous response of salmonid genomes to a reduction in body size. On theoretical grounds it is suggested that there is a trade-off between the need to avoid diffusional constraints whilst minimizing the surface-to-volume ratio of muscle fibres and hence the energetic costs of ionic homeostasis. According to this hypothesis, there is an optimal fibre number associated with each body size which is modulated by factors that influence metabolic demand, principally temperature ( Johnston et al. 2004 ). Thus we suggest that ecological factors may have promoted dwarfism in Bleke salmon, but once established the associated physiological consequences then acted as a powerful agent for selection and genetic differentiation.
MATERIAL AND METHODS
Bleke salmon comprising 7 mature males (117.6G5.9 g body mass, Mb; 26.1G0.4 cm fork length, FL, meanGs.e.) and 8 spawning females (120.0G6.1 g Mb; 25.9G0.4 cm FL) were caught by gill netting during January 2005. A steak (0.5 cm) thick through the trunk was prepared with a sharp knife at the level of the first dorsal fin ray and photographed with a digital camera to determine the total cross-sectional area of fast myotomal muscle. A total of 4 blocks were prepared to sample the entire cross-section of fast myotomal muscle from one side of the fish. Blocks were frozen in 2-methyl butane cooled to its freezing point (K159 8C) in liquid nitrogen. Frozen sections were cut at 7 mm, stained with a slow muscle myosin antibody (S58) and counterstained with haematoxylin to differentiate between slow and fast muscle fibres ( Johnston et al. 2004) . The outlines of 200 randomly selected fast muscle fibres were digitized per block and fibre number and diameter estimated as previously described ( Johnston et al. 1999) . The muscle cellularity of male and female fish was similar and so the data were combined. Smooth nonparametric distributions were fitted to 1000 measurements of fibre diameter per fish using a kernel function ( Johnston et al. 1999) with an average value of the smoothing coefficient h (Bowman and Azzalini 1997) of 0.105. The 97th percentile of fibre diameter, calculated from the smooth distributions, was used as an estimate of the maximum fibre diameter (D max ). The data were compared with similar measurements from 14 Scottish farmed salmon representing an inbred line derived from a cross between the domesticated Norwegian "Mowi strain" and wild stock from the River Shin ( Johnston et al. 2003a) . The farmed salmon were slightly shorter (24.1G0.3 cm FL) but heavier (145.9G6.7 g body mass; meanGs.e., nZ14). Bootstrap techniques were used to distinguish underlying structure in the distributions from random variation ( Johnston et al. 1999) . Since the computer programme requires an equal number of fish per group, one female Bleke was discarded at random. The Kolmogorov-Smirnov two-sample test statistic was used to test the null hypothesis that probability density functions of Bleke and farmed salmon were equal over all diameters.
RESULTS
Maximum fibre diameter (D max ) in the fast myotomal muscle of Bleke salmon was 118G8 mm (MeanGs.e., 14 fish) which was not significantly different from immature Scottish farmed salmon of similar body size (117G2 mm; meanGs.e., 14 fish) (one-way ANOVA with fork length as co-variate). The fast myotomal muscle of the Bleke salmon showed no fibres in the smallest size class (4-7 mm) and fewer than 0.1% fibres !10 mm diameter, consistent with no active fibre recruitment (figure 1b). In contrast, the percentage of fibres !10 mm diameter was around 5% in the immature farmed salmon (figure 1b). The probability density functions (PDFS) of fibre diameter in Bleke and Scottish farmed salmon fell outside that for 100 bootstrap estimates of the combined populations of fibre diameter (figure 1b). The PDFS were significantly different using a Kolmogorov-Smirnov test ( p!0.01), demonstrating the different patterns of muscle cellularity between the two salmon strains. The relationship between the number of fast fibres per myotomal cross-section and fork length for several different salmon populations is shown in figure 2. Since there was no evidence for active fibre recruitment in the dwarf Bleke salmon, the measure fibre number was assumed to be the maximum (FN max ). FN max for dwarf Bleke salmon was 195 300G5900 (meanGs.e., nZ14) compared with 910 800G17 800 (meanGs.e., nZ34) for the farmed Scottish salmon, 660 700G14 000 (meanG s.e., nZ66) for a farmed Mowi strain from Northern Norway (Vieira et al. 2005) (I. A. Johnston and V. L. A. Vieira, unpublished results) . Thus the dwarf salmon had only around 21-30% of the number of fast muscle fibres found in the seawater stages of farmed and migratory salmon, respectively.
DISCUSSION
The maximum diameter (D max ) of fast muscle fibre scales with body size until some limiting diameter is reached, and it is around 220-240 mm in farmed Atlantic salmon ( Johnston et al. 2003a) . It is likely that maximum diameter is set by diffusional constraints associated with oxygen delivery during recovery metabolism ( Johnston et al. 2003a,b) . The main determinates of D max are mean habitat temperature (which affects oxygen concentration at the fibre surface, and oxygen demand) and body size (which affects oxygen demand) ( Johnston et al. 2004) . The maximum diameter of fast fibres in Bleke salmon was 118 mm, which is comparable with that found in farmed salmon of the same body size (figure 1b; Johnston et al. 2003a) . No active recruitment of fast muscle fibres was found in Bleke salmon of 24.7-27.6 cm fork length, indicating the maximum fibre number (FN max ) had been reached. FN max at 195 300 per trunk cross-section was 21-30% of that reported in any migratory or farmed population of the same species (figure 2). The probability density function of fibre diameter was shifted to the right in Bleke compared with length-matched farmed salmon because of the absence of fibre recruitment (figure 1b).
The results indicate that Bleke salmon have lost fast muscle fibres relative to the ancestral condition, and it is plausible that this represents an adaptation to dwarfism. Although FN max can be influenced by egg incubation temperature ( Johnston et al. 2000; 2003c) , such developmental plasticity is an order of magnitude less than would be required to explain the current results. Furthermore, the difference in maximum body size between migratory and farmed salmon is maintained in the aquaculture situation (Bernt Olav Martinsen, personal communication) . Bleke salmon show a much lower capacity to undergo smoltification, with a reduced ability to elevate gill Na C K C ATPase activity on seawater transfer indicating genetic differentiation in the osmoregulatory system relative to the ancestral condition (Nilsen et al. 2003) . Studies of recent introductions of sockeye salmon (Oncorhynchus nerka) indicate that reproductive isolation and genetic differentiation can occur after fewer than 13 generations (Hendry et al. 2000) . Our results indicate that fibre number was under divergent selection in the Bleke population, possibly involving assortative mating mechanisms (Shine et al. 2001) and their reinforcement through hybrid inferiority (Butlin 1995) .
Previously, we proposed the optimal fibre number hypothesis to account for the loss of fast fibres in dwarf arctic charr from Thingvallavatn ( Johnston et al. 2004) . In this case the large differences in body size and growth rate between the dwarf charr and large benthic and piscivorous morphs are maintained in the aquaculture situation when food is not limiting, indicating a large genetic component in these traits. Maintaining ionic homeostasis is thought to represent 20-40% of routine energy demand in teleosts ( Jobling 1994) . Fast muscle comprises at least 60% of body mass and is therefore quantitatively important tissue in determining the overall energy budget. Theoretically the cost of counteracting passive ion movements across the muscle sarcolemma would be expected to increase with the surface to volume ratio of the muscle fibres, i.e. increase with increasing fibre number. According to the optimal fibre number hypothesis there is a trade-off between requirements to avoid diffusional constraints whilst maximizing fibre diameter to minimize the energy costs of ionic homeostasis. The number of fast muscle fibres therefore needs to be sufficiently large to avoid an anoxic core in the centre of fibres but as small as possible to reduce maintenance costs. Without the marine feeding opportunities, Bleke salmon exhibit slow growth and reach sexual maturity earlier than the ancestral condition at a much reduced body size (Nilsen et al. 2003; Barlaup et al. 2005) . Ecological factors related to energetics and feeding are almost certainly responsible for establishing dwarfism in the population, as was documented for Lake Whitefish populations (Trudel et al. 2001) . However, once established we hypothesise that physiological factors related to scaling and the relatively high maintained costs of supporting an excess number of fibres for the body size would have acted as a powerful selective force for reducing fibre number. The largest Bleke salmon in the present study was 27.6 cm. Since 80% of fibres had a diameter of less than D max it is likely that under optimal feeding and environmental conditions the maximum body size could be considerably increased even with the reduced maximum fibre number. Indeed, Bleke of 250 g have been reported from the wild fishery (Barlaup et al. 2005) and in the aquaculture situation the maximum body size is around 2 kg (Bernt Olav Martinsen, personal communication).
Important and testable predictions of the 'optimal fibre number hypothesis' are that the number of ion pumps per unit volume of muscle and their contribution to the oxygen consumption of fibres should decrease with increasing fibre diameter. If correct, our hypothesis may help to explain much of the variation in muscle fibre number associated with changes in body size and temperature during the adaptive radiation of teleosts ( Johnston et al. 2003b) .
